Create manufacturing infrastructure for high-• volume, low-cost fuel cell fabrication, benefiting both methanol and hydrogen fuel cell technologies.
Demonstrate 1,000 hours of continual operation at a • system level.
Demonstrate overall energy density equal to or • better than 600 Wh/L.
Accelerate codes and standards activities that allow • shipping and use of methanol and their cartridges in airline passenger cabins.
Prepare three successive generations of benchmark • prototypes (P1, P2, P3) to evaluate system integration issues and validate performance and life.
Technical Barriers
This project addresses the following technical barriers from the Fuel Cells section of the Hydrogen, 
Technical Targets
Target metrics for the sub-watt to 50 W fuel cell system category are shown in Table 1 . Some of the targets are not applicable to the sub-Watt systems. These smallest of systems will not have the power density or cost of a larger system in this category. The power and energy density, and cost targets are especially "not applicable" (NA) for the sub-Watt category. This project, and subsequent product programs are on track to achieve all the metrics needed to make a direct methanol fuel cell (DMFC) for handheld electronics a commercial success, helping to clear the path for similar hydrogen fuel cell powered device introduction. Demonstrated P2 injection molded array with high • yield and performance of 50 mW/cm 2 and a fuel energy density of 1.4 Wh/cc. Initial testing of the P3 arrays shows performance exceeding these levels.
Introduction

DMFC technology and MTI's passive Mobion
® implementation is well-suited for handheld portable power applications in consumer electronics such as cell phones, cameras, smart phones, personal digital assistants, and game systems. It uses a liquid methanol fuel directly, instead of hydrogen, so that issues associated with converting the liquid fuel to hydrogen and then managing the hydrogen gas are avoided. This, along with the lower costs associated with the smaller platform, allows the DMFC technology to proceed at a faster development pace than the related hydrogen fuel cell technology. An early introduction of fuel cells into the consumer environment will assist the development of the necessary manufacturing base for all fuel cell technologies to follow and will gain a broader public understanding of the fuel cell merits.
Approach
This project is focused on the development of the technology elements and manufacturing base such that low-cost fuel cell products can be introduced on an accelerated timeline. While early products have been introduced, the actual manufacturing costs are much too high to ever enter even into niche consumer products. The fuel cell array, shown in Figure 1 , which contains many of the same components as a hydrogen fuel cell, must go through a manufacturing volume ramp-up and attendant cost reduction. Such components as the membrane, catalyst, diffusion layers, current collectors, and humidification hardware must be developed for mass production. This project is working with a broad range of suppliers to develop low-cost components to meet performance specifications. These components are then integrated with balance-of-plant components to produce prototypes to evaluate system integration and to develop OEM interest in the technology. Each designbuild-test cycle yields further performance improvements and cost reductions necessary to get into an early market.
Results
The project has achieved several milestones over the year and has made significant progress in all areas. Eleven complete P2 prototype systems have been built and tested (Figure 2) . These systems have been tested for performance, temperature latitude, and life. Multiple systems have been tested for over 1,000 hours exceeding the associated program milestone.
The P2 systems mentioned above contain MTI's P2 injection molded array which has also progressed substantially over the year. The injection molded process for the cell as well as the components within the cell have improved resulting in a very reliable manufacturing process.
MEAs of many configurations from several suppliers were tested and their impact on initial performance and life were assessed. Several diagnostic techniques were employed to quantify performance and decay of the anode, cathode, and membrane separately. Major advances in reducing MEA degradation have been achieved by changing components and operating conditions. With these changes many cells demonstrated very low degradation rates. A lab cell has achieved over 2,700 hours of steady-state operation with less than 15% degradation. The design and analysis of the reduced height P3 array was completed in early 2008. This new design reduces the array assembly height by over 30% compared to P2 assembly while also improving thermal gradients and other performance related aspects of the design. One study conducted in 2007 that contributed to reducing array assembly height was a cell compression study. This study revealed that the MEA compression could be reduced to more than half of its original design value, without any change in cell performance. This enabled structural designs previously not possible. The structural analysis was iterative with design changes being made to reduce stress or limit deflections. Adequate pressure needed to be maintained on all sealing surfaces and the variability in MEA load was kept to a minimum. Thermal modeling was used to verify that an even temperature was maintained across the MEA surface for a wide range of ambient conditions and heat rejection levels. To minimize array assembly volume, all structural and thermal component thicknesses were minimized based on allowable stress and deflection and temperature uniformity requirements.
The results of the P3 array testing are very promising. In fact, the cell performance was very close to ideal lab cell performance. In previous cell designs there was a significant fall-off in performance between an ideal lab cell and a fully integrated array. Since the ideal lab cell has no size or cost restrictions, it has ideal compression and temperature control. Also, other parameters are closely controlled and monitored in the lab cell. This new design appears to have achieved a near optimum balance between the system level compromises and the maximum performance capability of the cell.
The P3 array subsystem and system design eliminated most of the drop in performance seen at the system level in previous designs. Thermal and fluidic improvements make the P3 array subsystem more robust against conditions that would previously hinder performance. Initial work on the control algorithms for the P3 system has also been initiated with positive results to date.
A new clean-room environment was completed and is now being used for all assembly operations. The last 10 systems delivered were built in this area and showed no signs of failure due to contamination (either chemical or particulate). The clean room consists of a general work area controlled to class 10k standards with specific build stations controlled to class 100 standards.
Several of our assembly stations are now instrumented with computer interfaces that reduce the amount of operator input. All of the subsystems are now being assembled by technicians with little to no engineering input. This, along with a handful of design changes, has improved yields on several of our subsystems by 20-50 percentage points putting us well within an acceptable yield for this generation of prototypes.
The system energy density, shown in Figure 3 , is a critical metric for this project and is one of the measures in the mix for product success. The DOE roadmap target (for the sub-Watt to 50 W category) provides a goal line for this project, although it is not as applicable to the 1-W system as it is to the 50-W system. The system's ability to beat the battery it would replace in handheld devices is also a good measure of platform development success. The battery capability, shown in Figure 3 , is based on our evaluation of current and reasonable improvements in lithium ion batteries. Any platform that can be turned into a viable product will likely need to be better than the battery capability.
In addition, we have surveyed some battery power packs now entering the consumer market. These rechargeable lithium ion battery based power packs are used to charge handheld electronic devices on the road. The emergence of these products signals a market need and an entry point for handheld fuel cells. Our benchmarking of these power packs shows that they fall far short of the lithium ion battery capabilities. Current energy density with a fully charged battery is about 100 -150 Wh/liter. It is even lower if the wall charger is assumed to be part of the system volume. Fuel cell products under development for this market need to be significantly better than these battery-based chargers to find an eager consumer.
The progression of the prototype developed in this project is also shown in Figure 3 . This progression started with the breadboard demonstration in May 2005. There was an intermediate proof-of-concept prototypes built and tested during the DOE funding gap. This has been plotted in Figure 3 as reference information. Note that this prototype was about equal to the battery capability. The P2 and P3 target energy density were prepared assuming multiple cartridges, taking into account the additional volume added for each cartridge. This represents how the user of a fuel cell system in a handheld device will view it. Each refill must be better than a battery, and after a few refills, the entire system with those refills must be better than the technology it replaces. These targets get the methanol fuel cell
